Various genome sequencing projects are generating vast amounts of sequence data, but at present, our ability to understand and interpret the sequence information is limited. An important aspect of genome annotation is the identification of general patterns of genomic organization that may provide important information about regulatory mechanisms of gene expression. In particular, genomic organization may provide a mechanism for generating transcript diversity through complex alternative splicing. For example, the Drosophila Down syndrome cell adhesion molecule (Dscam) gene contains four alternative cassette exons, each with multiple variants, and can potentially generate more than 38,000 mRNAs through alternative splicing-more than the total number of genes in the fly genome (Schmucker et al. 2000) .
The mammalian central nervous system contains billions of cells with trillions of specific connections. These vast numbers of connections are determined by combinatorial interactions between large numbers of cell-surface molecules. Pcdh proteins have been proposed as the prime candidates for specifying neuronal connections in the central nervous system (Kohmura et al. 1998; Wu and Maniatis 1999) . We previously identified three closely linked mammalian Pcdh clusters (␣, ␤, and ␥) that encode ∼60 diverse mRNAs (Wu and Maniatis 1999; Wu et al. 2001) . These mRNAs are expressed in cell-specific patterns in the central nervous system (Kohmura et al. 1998; Wang et al. 2002b) .
In both mice and humans, Pcdh ␣ and ␥ clusters have a striking genomic organization similar to that of the immunoglobulin and T-cell receptor clusters. Within each Pcdh cluster, a tandem array of more than a dozen variable exons spans a large region of ∼200 kb of genomic DNA. Each of these unusually large variable exons encodes all of the six extracellular cadherin domains, a transmembrane segment, and a small part of the cytoplasmic domain (Wu and Maniatis 2000) . The remaining cytoplasmic domain is encoded by three constant exons that are located downstream from the variable exon tandem array. Each variable exon is separately spliced to the first constant exon to generate diverse functional mRNAs (as an example, see the mouse Pcdh␣ genomic organization in Fig. 1A ). Recent studies have demonstrated that each variable exon is preceded by a distinct promoter (Tasic et al. 2002; Wang et al. 2002a ). Activation of a specific variable region promoter transcribes a long precursor RNA that contains all of the downstream variable exons and the entire constant region. However, only the 5Ј-most exon is selectively cis-spliced to the first constant exon to generate diverse functional mRNAs. Thus, cell-specific Pcdh expression patterns in the brain are determined by a combination of differential promoter activation and alternative cis-splicing.
To determine whether there are other genes with a similar unusual organization in mammalian genomes, we searched the GenBank databases and found that the genomic organization of the UGT1 cluster is very similar to that of the Pcdh clusters. About a dozen similar UGT1 variable exons are organized in a tandem array. A common set of four UGT1 constant exons is located downstream from the variable exon tandem array. We cloned eight of the mouse UGT1 genes and characterized their tissuespecific expression profiles. Each variable exon is separately spliced to the first constant exon to generate diverse UGT1 mRNAs encoding distinct protein isoforms. In addition, we provide evidence that each variable exon of the UGT1 cluster is likely preceded by a distinct promoter. We also found that the Ibranching ␤-1,6-N-acetylglucosaminyltransferase (IGnT) cluster has a similar variable and constant genomic organization. Three highly similar variable exons are each separately spliced to a common set of downstream constant exons. Finally, we describe several genes that have more than 10 tandem variable first exons and a common set of downstream constant exons; however, their variable exons do not display sequence similarity. These include plectin, neuronal nitric oxide synthase (NOS1), and glucocorticoid receptor (GR) genes. In all of these cases, about a dozen variable exons are each separately spliced to a common set of downstream constant exons to generate diverse mRNAs. Thus, the unusual genomic organization of variable and constant regions is more prevalent in mammalian genomes than previously realized. The organization of multiple variable first exons has important implications regarding cell-and tissue-specific, as well as developmentally regulated, gene expression.
RESULTS

Identification and Cloning of Mouse UGT1 Genes
The vertebrate animal removes numerous xenobiotic and endobiotic compounds from its body by converting them to more water-soluble glucuronides. UDP glucuronosyltransferase proteins (UGTs) are a superfamily of enzymes that catalyze the glucuronidation of numerous chemical compounds (Tukey and Strassburg 2000) . These proteins play an important role in the pharmacokinetic clearance of environmental toxins, endogenous metabolites, and therapeutic drugs. For example, genetic mutations of the human UGT1A1 gene cause jaundice, including Crigler-Najjar syndrome and Gilbert syndrome (Tukey and Strassburg 2000) . The UGT1 subfamily of UGT proteins catalyzes the glucuronidation of the donor substrate (UDP-glucuronic acid) to numerous acceptor substrates (aglycone compounds). The N-terminal aglycone-binding domains of UGT1 proteins are distinct, but very similar to each other. In contrast, the C-terminal UDP-binding domains are identical among all the UGT1 proteins. As with Pcdh proteins, the diversity of UGT1 proteins is determined by an unusual genomic organization. The rat and human UGT1 clusters have recently been characterized (Emi et al. 1995; Gong et al. 2001) . However, the number of mouse UGT1 genes and their genomic organization are unknown. Here we identify 14 mouse UGT1 genes by a combination of sequence analyses and cloning experiments.
Iterative BLAST searches of public databases identified sequences that span the genomic region of mouse UGT1 genes. Sequence analysis of this genomic DNA revealed the presence of nine variable exons encoding polypeptides very similar to the N-terminal half of human UGT1 proteins. We cloned eight mouse UGT1 genes, two of which match previously cloned cDNAs (S57479 and S64760; Kong et al. 1993) . The DNA sequences of each clone contain a single open reading frame of ∼1600 bp, encoding a protein with a divergent Nterminal domain and an identical Cterminal domain. The 5Ј regions of cDNA sequences encoding the N-terminal domain are highly similar. Each of these sequences is identical to a different region of ∼850 bp of genomic DNA. Thus, the N-terminal domain of each protein is encoded by a single exon. Fourteen mouse UGT1 variable exons are organized in a tandem array, spanning a region of ∼187 kb of genomic DNA (Fig. 1B) . In contrast, the 3Ј regions of all mouse UGT1 cDNA sequences are identical and match four segments of genomic DNA located ∼2 kb downstream from the last variable exon. Therefore, the Cterminal domains of all UGT1 proteins are identical and are encoded by four constant exons (Fig. 1B) . These four exons span a region of ∼4 kb of genomic DNA sequences. In addition, there is a consensus 5Ј splice site immediately downstream from the last nucleotide of each variable exon, and a consensus 3Ј splice site immediately upstream of the first nucleotide of the first constant exon (data not shown). Therefore, alternative RNA splicing of each variable exon to the first constant exon generates diverse UGT1 mRNAs. We conclude that the genomic organization of the mouse UGT1 cluster is similar to that of the mouse Pcdh␣ clusters (Fig. 1) .
Figure 1
Similar genomic organization of Pcdh and UGT1 gene clusters. Shown are comparisons of the genomic organization of mouse Pcdh (A), and mouse (B), rat (C), and human (D) UGT1 clusters. Each cluster has multiple, highly similar, tandem variable exons followed by one set of constant exons. They are indicated by vertical colored bars: (mauve) mouse Pcdh␣ variable exons; (yellow) C-type Pcdh variable exons; (green) phenol-type UGT1 variable exons; (orange) bilirubintype UGT1 variable exons; (blue) pseudogenes or relics (present in both Pcdh and UGT1 clusters); (turquoise) non-UGT1 genes in the UGT1 cluster; (pink) constant exons (present in both Pcdh and UGT1 clusters). The approximate length of each cluster is shown below the corresponding panels. The pseudogenes are represented by a letter "p" following the gene symbol, whereas the relic sequences are represented by a letter "r." (Pcdh) Protocadherin; (UGT) UDP glucuronosyltransferase; (Hsp40L) heat-shock protein 40kd like gene.
Like the Pcdh variable cDNA sequences, the variable cDNA coding sequences of the UGT1 cluster are present as uninterrupted exons. In addition, we identified five UGT1 pseudogenes that have significant nucleotide sequence similarity to the nine mouse UGT1 genes; however, their coding regions are interrupted by multiple stop codons. Finally, we identified four UGT1 relics whose sequences have limited similarity to the functional UGT1 genes. The relic sequences are much shorter than the functional genes and pseudogenes.
Tissue-Specific Expression Profile of the Mouse
UGT1 Repertoire
Glucuronidation is thought to occur mainly in the liver. Nevertheless, recent studies of human UGT1 genes have shown that some of these genes are expressed in specific extrahepatic tissues (Tukey and Strassburg 2000) . However, tissue-specific expression patterns of the entire UGT1 repertoire have not been analyzed to date. Characterization of the whole mouse UGT1 gene repertoire provides an opportunity to systematically investigate its tissuespecific expression patterns.
We measured the expression patterns of the entire mouse UGT1 gene repertoire in a wide variety of tissues by using isoform-specific duplex reverse-transcriptase polymerase-chainreaction (DRT-PCR) methods. These experiments revealed that each UGT1 gene displays a distinct tissue-specific expression pattern (Fig. 2) . For example, UGT1A1, the gene mainly responsible for the glucuronidation of bilirubin, is expressed in the stomach, intestine, colon, and kidney, and is expressed most abundantly in the liver. Furthermore, the mouse UGT1A10 gene is expressed in all of the tissues examined thus far, with highest levels in colon and kidney tissues. In addition, the mouse UGT1A12 gene is the most abundantly expressed UGT1 gene in the liver. Finally, we found that the liver expresses almost all UGT1 genes, consistent with its being the main organ for detoxification. Interestingly, the kidney expresses all UGT1 genes except UGT1A11 (Fig. 2) . Given that toxic chemicals are eliminated through biliary and renal tissues, these results are consistent with the important role of the UGT1 genes in detoxification.
Comparison of the Mouse, Rat, and Human UGT1 Clusters
The rat UGT1 locus was previously reported to contain seven functional genes and two pseudogenes (Emi et al. 1995) . We have annotated the rat UGT1 genomic sequences and found that they have one additional functional gene (A11) and one additional pseudogene (A3p; Fig. 1C ). Moreover, we found that there is a relic located between A11 and pseudogene A10p. Based on sequence similarity and substrate-specificity, the rat UGT1 genes have been divided into two groups, the bilirubin group and the phenol group (Emi et al. 1995) . The rat UGT1 locus is considerably smaller than the corresponding mouse and human loci primarily because the intergenic sequences are shorter (Fig. 1) . The human UGT1 locus has recently been extensively analyzed and found to contain 13 UGT1 genes (Gong et al. 2001) . These variable exons are organized in a tandem array followed by a set of four constant exons (Fig. 1D) . Based on sequence similarity, the human UGT1 proteins can also be divided into two groups, namely, UGT1 A1 through A5 (bilirubin group) and UGT1 A6 through A10 (phenol group).
We used the VISTA program (Dubchak et al. 2000) to compare genomic sequences of the human, mouse, and rat UGT1 clusters (data shown as Supplemental Fig. S1 , available online at www.genome.org). The variable and constant exons are highly conserved. However, there are almost no highly conserved intergenic sequences in the UGT1 locus, except for one intronic region (position of 187 kb in Supplemental Fig. S1 ) located between constant exons 1 and 2.
The overall genomic organization patterns of the mouse, rat, and human UGT1 clusters are similar (Fig. 1) . For example, the organization of the constant region is highly conserved. Like the constant region of the human and rat UGT1 clusters, the constant region of the mouse UGT1 cluster is also organized into four exons. In addition, these constant exons are highly conserved. The encoded constant-region polypeptide sequences are 90% identical between mice and humans. Furthermore, the length of the first three constant exons is identical among mice, rats, and humans. Finally, as in the human and rat UGT1 clusters, the mouse UGT1 cluster can also be divided into two groups, namely, UGT1 A1 through A5 (bilirubin group) and UGT1 A7 through A13 (phenol group).
The variable exons are organized in a tandem array in mice, rats, and humans. However, their numbers are different in the three species. The mouse UGT1 cluster is predicted to have 14 genes, whereas the human cluster has 13 genes and the rat cluster has 11 genes ( Fig. 1 ). There are five pseudogenes in the mouse UGT1 cluster, whereas there are only four pseudogenes in the human UGT1 cluster and three pseudogenes in the rat UGT1 cluster (Fig. 1) . Finally, there are four relic sequences within the variable region of the mouse UGT1 cluster in contrast to one relic each in rats and humans.
Evolutionary Relationship Among Members of the Mouse, Rat, and Human UGT1 Genes
The variable regions of the mouse, rat, and human UGT1 proteins are similar and of almost the same length, and can be divided into bilirubin and phenol groups. Within the bilirubin group, the human, mouse, and rat UGT1A1 genes are orthologs and form an orthologous branch in the phylogenetic tree (Fig. 3) . There is an 86% sequence identity between rat and mouse UGT1A1 at the amino acid level, whereas both have a 68% amino acid sequence identity to the human UGT1A1 protein. Other members of this group display a complex evolutionary relationship. For example, the human UGT1A3, UGT1A4, and UGT1A5 genes are paralogous, and they form an orthologous branch with the mouse UGT1A2 and UGT1A5, and rat UGT1A2, UGT1A4, and UGT1A6 genes in the phylogenetic tree (Fig. 3) . The average amino acid sequence identity among members of this branch is ∼69%.
The phenol group also displays two branches in the phylogenetic tree (Fig. 3 ). In the smaller branch, mouse UGT1A7 and UGT1A9 are paralogous, and they are orthologous to rat UGT1A7 and human UGT1A6. The mouse UGT1A7 and UGT1A9 variable polypeptides have 95% identity but only have 88% and 70% identity to the rat and human orthologs, respectively. This observation indicates that the mouse UGT1A7 and A9 genes were duplicated after speciation. In the larger branch, human UGT1A7, A8, A9, and A10 are paralogous. Mouse UGT1A12 and A13 are paralogous and have one rat ortholog, UGT1A11. Mouse UGT1A10 and rat UGT1A8, and mouse UGT1A11 and rat UGT1A9 are orthologous. The average amino acid sequence identity among members of this branch is ∼73%. These observations indicate that distinct members of the UGT1 cluster are selectively expanded in mice and humans but not in rats.
Identification of a Non-UGT1 Gene Within the Variable Region of the UGT1 Cluster
In the Pcdh locus, there are two noncadherin genes, ORNT2 and TAFII55, between the Pcdh ␤ and ␥ clusters. Both are single-exon genes and are transcribed from the opposite strand (Wu et al. 2001 ). Here we identified an Hsp40/ DnaJ-like gene within the variable region of the mouse, rat, and human UGT1 clusters ( Fig. 1 ; Supplemental Figs. S1, S2). The Hsp40-like (Hsp40L) gene is located on the opposite strand between UGT1 A1 and A2 in both mice and rats. In humans, this gene appears to be duplicated, with one (HSP40P) located between UGT1A1 and pseudogene A2p and another (HSP40L) between pseudogene A2p and UGT1A3. However, the former appears to be a pseudogene because it has a stop codon in the putative coding region. This gene is transcribed because it has numerous mouse, rat, and human EST matches.
Figure 3
Phylogenetic tree of human, mouse, and rat UGT1 gene clusters. The tree was reconstructed based on variable region polypeptides by using the neighbor-joining method of the CLUSTAL W package. The tree branches are labeled with the percentage support for that partition based on 1000 bootstrap replicates. The scale bar equals a distance of 0.1.
Evidence for Multiple Promoters in the UGT1 Variable Region
In Pcdh clusters, the position of each variable exon corresponds to the location of a CpG island (Wu et al. 2001) . We have used the CpGplot program (Larsen et al. 1992 ) to obtain the distribution of CpG dinucleotides in the UGT1 genomic sequences (http://bioweb.pasteur.fr/seqanal/interfaces/cpgplot.html; Supplemental Fig. S2 ). The ratio of observed-to-expected CpG dinucleotide frequency peaks at the location of almost every human UGT1 variable exon. It is known that the mouse genome lost some CpG dinucleotides after the divergence of mice and humans (Antequera and Bird 1993) . Consistent with this, we note that the ratio is slightly lower in mice and rats than in humans. Nevertheless, this distribution indicates that each variable exon is associated with a promoter. In the variable regions of the Pcdh ␣ and ␥ clusters, the sequences immediately upstream of each variable exon are highly conserved between orthologs (Wu et al. 2001) . Likewise, there are also conserved sequences upstream of orthologous variable exons in the UGT1 variable region (Supplemental Fig. S1 ; data not shown). We were not able to find a common motif upstream of all of the UGT1 variable exons using a Gibbs sampler program (Lawrence et al. 1993 ; http://bayesweb.wadsworth.org/ gibbs/gibbs.html). We reasoned that the motif may be different for the two groups of UGT1 variable exons. Indeed, we found a conserved motif upstream of variable exons in the bilirubin group (Supplemental Fig.  S3A ,B) and also a distinct conserved motif upstream of variable exons in the phenol group (Supplemental Fig. S3C,D) . Although the functional significance of these motifs remains to be established, their locations in the loci indicate that they may play a role in the regulation of UGT1 gene expression (Supplemental Fig. S3 ). The transcription start sites have been mapped immediately upstream of several human UGT1 variable exons (Gong et al. 2001) . The sequences that precede a noncoding exon upstream of a rat UGT1 variable exon have been shown to contain promoter activities (Emi et al. 1996) . Taken together, we conclude that each UGT1 variable exon is preceded by a promoter, and suggest that the tissuespecific expression patterns of UGT1 genes are determined by a combination of variable-exon promoter activation and cissplicing of the corresponding cap-proximal exon to the first constant exon.
The I-Branching ␤-1,6-N-Acetylglucosaminyltransferase (IGnT) Cluster
The acetylglucosaminyltransferase proteins are a family of type II transmembrane proteins that play an important role in the synthesis of oligosaccharide structures on glycoproteins. The IGnT genes encode a subfamily of proteins that convert linear carbohydrate chains to branched ones, and are essential for human blood group I antigen formation during development. By performing a genome-wide search, we found that, similar to the Pcdh and UGT1 clusters, the mouse IGnT locus is organized into both variable and constant regions (Fig. 4A) . The variable exons are highly similar to each other and are all about the same length. In contrast to the Pcdh and UGT1 clusters, however, the IGnT locus contains only three variable exons (Fig. 4A) . The genomic organization of the IGnT locus is conserved among humans, mice, and rats (Fig. 4A) . Very recent studies of the human IGnT genes confirm that each variable exon is separately spliced to the first constant exon (Inaba et al. 2003; Yu et al. 2003) . Different IGnT isoforms have distinct cell-specific expression profiles. For example, human IGnT3 is expressed in reticulocytes, whereas human IGnT2 is expressed in lens-epithelium cells. Mutations of these isoforms may cause the adult i phenotype and congenital cataracts, respectively (Yu et al. 2003) . There is a CpG island corresponding to the position of each variable exon in human, mouse, and rat IGnT genomic DNA sequences (Fig. 4B) . In addition, there is a conserved motif upstream of each variable exon in all three species (Fig. 4C) . These observations strongly imply that each variable exon is preceded by a separate promoter. Phylogenetic analysis demonstrates that the three variable exons display an orthologous relationship, indicating that they were duplicated before the divergence of humans, mice, and rats (Fig. 4D) . A pairwise comparison of the variable polypeptides reveals that the sequence identities between orthologs are significantly higher than those between paralogs (Fig. 4E) . A comparison of the genomic sequences of the IGnT locus by using the VISTA program (Dubchak et al. 2000) shows that the variable and constant coding regions are highly conserved (Supplemental Fig. S4 ). In summary, the genomic organization of the IGnT cluster is similar to that of the Pcdh and UGT1 clusters; the expression pattern of the IGnT genes is likely determined by a combination of activation of a variable-exon promoter and cis-splicing of the corresponding variable exon to the first constant exon.
A Very Large Number of Mammalian Genes Contain Multiple Variable First Exons
We performed a genome-wide search for genes or gene clusters that contain multiple variable exons. We mapped all human, mouse, and rat mRNAs to their respective genomes and found a surprisingly large number of genes containing multiple variable first exons. There are >3000 such genes found in the human genome and >2000 in the mouse genome (Fig. 5) . Extensive analyses showed that, besides the immunoglobulin and T-cell receptor clusters, only the variable exons of the Pcdh, UGT1, and IGnT clusters display sequence similarity. The variable exons of all the other genes do not have any sequence similarity. Although it is not known whether each variable exon of these genes is preceded by a separate promoter, we suggest that there are multiple promoters in these genes.
The majority of the genes have two alternative first exons (Fig. 5) . The number of genes containing four or more variable exons decreases significantly; however, this number may be underestimated because there could be many more mRNAs that
have not yet been sequenced (Fig. 5) . Several of these genes have more than 10 variable exons, including the plectin, NOS1, and GR genes. Below we describe their genomic organization (Fig. 6 ) in detail.
The Plectin Gene
Plectin is a versatile cytolinker protein that interacts directly with diverse membrane skeleton proteins and various intermediate filament proteins (Janda et al. 2001) . Plectin isoforms are expressed in a wide variety of tissues, including muscle, brain, lung, spleen, and heart. It has been reported that the mouse plectin gene has an unusual 5Ј-transcript complexity and its transcripts exhibit distinct tissue-specific expression patterns (Fuchs et al. 1999 ). Similar to Pcdh and UGT1, the mouse plectin gene is also organized into variable and constant regions. Eleven variable exons are organized in a tandem array spanning a region of ∼40 kb of genomic DNA. Downstream from the tandem array, there are 31 constant exons spanning a region of ∼20 kb of genomic DNA (Fig. 6A) . Each variable exon is separately spliced to the first constant exon to generate diverse plectin mRNAs.
There are only four known first exons in the rat plectin gene and two known first exons in the human plectin gene. We analyzed the genomic DNA sequences of the rat and human plectin variable regions and found seven and six new variable exons, respectively. A VISTA comparison of mouse sequences with the rat genomic DNA sequences revealed that all of the 11 variable exon sequences are conserved (Supplemental Fig. S5 ). In addition, a VISTA comparison of mouse and human genomic DNA sequences revealed that eight of the 11 variable exons are conserved (Supplemental Fig. S5 ). Eight of the 11 variable exons have putative coding regions, potentially encoding distinct plectin isoforms. The coding regions of variable first exons are all in the same open reading frame, and the encoded polypeptides are highly conserved among the three species (Supplemental Fig. S6 ). This indicates that each variable polypeptide has a distinct function. In contrast to the highly similar variable exons of the Pcdh and UGT1 clusters, plectin variable exons are of different lengths and do not display sequence similarity. Moreover, we cannot identify a conserved motif upstream of each variable exon by a Gibbs sampler program. We analyzed the CpG island distribution of human, mouse, and rat plectin variable regions and found that positions of almost all variable exons correspond to locations of CpG islands (Supplemental Fig. S7 ). Interestingly, there are additional upstream exons that are reported to splice to variable exon 1 in mice (Fuchs et al. 1999 ). Consistently, there is a CpG island upstream of variable exon 1 corresponding to the position of the upstream exons (Supplemental Fig. S7 ). These results imply that there are multiple promoters in the plectin variable region. Although the mechanism of tissue-specific plectin expression is unknown, it is very likely that there are multiple promoters in the plectin variable region, and that the tissuespecific expression patterns are determined by a combination of differential promoter activation and alternative cissplicing.
The NOS1 Gene
Neuronal nitric oxide synthase (NOS1) has been implicated in diverse physiological and pathological processes, such as neurotransmission, muscle con-
Figure 5
Genome-wide distribution of human and mouse genes that have more than one first exon. The numbers are shown above each histogram. The inset shows an enlargement of the distribution of genes with more than three first exons.
traction, and sexual function (Forstermann et al. 1998) . The NOS1 gene is expressed in a tissue-and cell-specific, as well as developmentally regulated, fashion (Lee et al. 1997) . The genomic organization of the human NOS1 gene is similar to that of the Pcdh clusters, containing variable and constant regions. Nine exon 1 variants have been reported thus far (Wang et al. 1999) . We identified three additional human NOS1 variable exons by comparing cDNA and EST sequences with genomic DNA sequences. These 12 variable exons are organized in a tandem array spanning a region of ∼120 kb of genomic DNA. Downstream from the variable exon tandem array, there are 28 constant exons spanning a region of another 120 kb of genomic DNA (Fig. 6B) . Each variable exon is separately spliced to the first constant exon to generate diverse NOS1 mRNAs. In contrast to variable exons of the Pcdh, UGT1, and IGnT clusters, and similar to the plectin cluster, the variable exons of human NOS1 have different lengths and do not display sequence similarity. Moreover, all of the variable exons are noncoding. Thus, these exons only generate transcript diversity; they will not generate different NOS1 protein isoforms. In addition, we cannot identify a conserved DNA sequence motif upstream of each variable exon. Nevertheless, the 5Ј-untranslated region of NOS1 mRNAs, which contain distinct variable exon sequences, has specific effects on the translational efficiency of NOS1 mRNAs (Wang et al. 1999) . We analyzed the CpG dinucleotide distribution in the human NOS1 variable region genomic DNA sequences by using the CpGplot program. We found that the positions of variable exons 1, 5, and 12 correspond to a CpG island, and that variable exons 2-4 and exons 6-11 are clustered in two distinct CpG islands (Supplemental Fig. S8 ). Previous studies have demonstrated that variable exons 6 and 7 are transcribed from separate promoters (Xie et al. 1995) . These exons and their promoters do not display significant sequence similarity. Therefore, they do not appear to be paralogous. Taken together, we conclude that there are at least six distinct promoters in the human NOS1 variable region, and that promoter activation and alternative cis-splicing may establish the tissue-specific expression patterns of diverse NOS1 mRNAs.
Interestingly, although the organization of the NOS1 constant region is highly conserved between mice and rats, we can only identify one mouse NOS1 variable exon in the EST database and three putative NOS1 variable exons in the mouse genomic sequences (draft mouse genomic sequences of the February 2003 freeze). These four variable exons are weakly conserved between mice and humans. All of the other human NOS1 variable exons do not have mouse orthologs. In addition, we can only identify one variable exon in the rat NOS1 genomic region (the rat January 2003 freeze; http://genome.ucsc.edu/), although three rat NOS1 variable exons have been reported previously (Lee et al. 1997 ). These observations indicate that the organization of the NOS1 variable exons is different in these mammalian genomes and that the NOS1 gene may be differentially expressed in different species.
The Glucocorticoid Receptor Gene
The glucocorticoid receptor gene (GR) belongs to the nuclear receptor superfamily. It encodes a transcription factor that regulates genes involved in a wide variety of physiological and pathophysiological processes, such as glucose homeostasis, bone turnover, lung maturation, and inflammation. The transcripts of GR genes display very complex expression patterns in a tissue-and cell-specific, as well as an environment-dependent, manner (Yudt and Cidlowski 2002) . The genomic organization of the rat GR gene contains 12 variable exons and eight constant exons ( Fig. 6C ; McCormick et al. 2000) . These variable exons do not display any sequence similarity to each other, and their upstream regions do not share a conserved motif. However, there is a consensus 5Ј splice site immediately downstream from each variable exon. Thus, each variable exon is separately spliced to the first constant exon to generate diverse GR mRNAs (McCormick et al. 2000) .
We mapped all variable exons to the rat draft genomic sequence except variable exons 2 and 3, which may be located within several sequence gaps between exons 1 and 4. Alignment of the variable region of rat GR genes with the corresponding human and mouse genomic DNA sequences revealed that many, but not all, of the variable exons are conserved (Supplemental Fig. S9 ). The sequence similarity of the GR variable exons between mice and rats is >75%, but is lower when either is compared with humans. We noted that the position of variable exon 1 corresponds to the location of a CpG island (data not shown). Interestingly, variable exons 4 to 12 are clustered within a 2-kb CpG-rich region. It is very likely that there are multiple promot- Figure 6 Genomic organization of mouse plectin (A), human NOS1 (B), and rat GR (C) genes. Each gene contains a tandem array of multiple first exons in the variable region, each of which is separately spliced to a common set of downstream constant exons. The approximate length of each gene is shown below the corresponding panels.
ers in the variable region of the GR gene. Indeed, the human GR gene has been shown to have at least three promoters, corresponding to variable exons 1, 6, and 10, whereas the mouse GR gene has four promoters, corresponding to variable exons 1, 5, 6, and 11 (Chen et al. 1999; Breslin et al. 2001) . Like the NOS1 variable exons, all variable exons of the GR gene are noncoding. Therefore, the diverse GR mRNAs encode identical proteins. It has been shown, however, that the diverse GR mRNAs are expressed in a tissue-specific fashion in the hippocampus, liver, and thymus (McCormick et al. 2000) . These tissue-specific expression patterns may be regulated by a combination of differential variable promoter activation and alternative cis-splicing.
DISCUSSION Multiple Variable First Exons Generate Protein/Transcript Diversity
The Pcdh clusters have an unusual genomic organization in which multiple variable exons are each spliced to a common set of downstream constant exons. To determine whether there are additional mammalian genes or gene clusters that display a similar genomic organization, we conducted a genome-wide search in human, mouse, and rat genomic sequences, and found more than 3000 genes containing multiple first exons. We described in detail the organization of several examples, including UGT1, NOS1, plectin, and GR genes. In each case, more than a dozen variable exons are organized in a tandem array followed by a common set of downstream constant exons. This genomic organization provides genetic multiplicity for generating diversity. In the cases of Pcdh, UGT1, and IGnT genes, the variable exons are very similar to each other and encode diverse polypeptides. In the cases of NOS1 and GR genes, the variable exons are noncoding. These genes only display mRNA transcript diversity. Thus, these multiple variable exons provide purely genetic diversity for gene regulation. The plectin gene, however, exemplifies an interesting intermediate type. Some of its variable exons are coding, but others are noncoding. However, similar to the NOS1 and GR genes, the variable exons of the plectin gene do not display sequence similarity to each other.
Pcdh proteins are proposed to play an important role in specifying diverse neuronal connections in the CNS. Both detoxification and neuronal connections require tremendous diversity. A tandem array of Pcdh and UGT1 variable exons, encoding highly similar but distinct polypeptides, provides a means for generating such diversity. Both Pcdh and UGT1 proteins are typical type I transmembrane proteins, that is, they have a single transmembrane segment located close to the C terminus. The oligomer structure of UGT1 proteins may provide diverse substrate specificity (Iyanagi et al. 1998) . Similarly, Pcdh proteins may provide nearly unlimited diversity for specific neuronal connections by forming combinatorial oligomers. In the case of Pcdh genes, each variable exon transcript without constant exons may encode a short-form Pcdh protein (Wu and Maniatis 1999 ) with a characteristic Pcdh structure. In the case of UGT1 genes, each variable exon only encodes the N-terminal half of the protein, without a transmembrane segment. In contrast, the constant region encodes the C-terminal half of the protein, including the transmembrane segment (Iyanagi et al. 1998 ). Thus, a single variable exon itself does not appear to encode a functional UGT1 protein. In addition, by using the BLAST program we searched the human, mouse, and rat EST and cDNA databases with intron sequences immediately downstream from each variable exon, but could not find any transcripts that contain a variable exon and its immediately downstream intron sequences. A similar search for the Pcdh clusters reveals many such transcripts. Therefore, unlike Pcdh clusters, the UGT1 cluster does not have variable-only forms of diversity.
Evolutionary Origin of the Variable and Constant Genomic Organization
The variable exons arrayed in tandem raise interesting implications regarding their evolution. The three closely linked Pcdh clusters appear to result from gene duplication followed by diversification (Wu and Maniatis 1999) . The organization of both the Pcdh ␣ and ␥ constant regions is identical and is conserved among humans, mice, and rats (Wu et al. 2001 ; data not shown), whereas the Pcdh ␤ cluster does not have a constant region. The three clusters may be duplicated from a common ancestral gene. The sequences of the constant exon of the Pcdh ␣ and ␥ clusters diverged to encode different cytoplasmic domains, potentially functioning in distinct intracellular signal transduction pathways, whereas the Pcdh ␤ cluster lost its constant region during evolution. The extensive tandem array of variable exons within each cluster appears to result from duplications of ancestral variable exons within each cluster. For the UGT1 cluster, the variable exons of the bilirubin and phenol groups appear to be duplicated separately from two ancestral variable exons (Fig. 1) , which are themselves duplicated from a single ancestral variable exon. Some variable exons, for example, mouse UGT1A12 and A13, appear to result from species-specific expansion of a variable exon. On the other hand, the duplication of the IGnT variable exons occurred before the separation of the human, mouse, and rat lineages, because the three variable exons display strictly orthologous relationships (Fig. 4) .
For variable exons that display close similarities, the unit of duplication appears to include both the coding sequence and its upstream regulatory region. For Pcdh, UGT1, and IGnT, within a given cluster, the coding regions of multiple variable exons not only share sequence similarity, but also have similar lengths. In fact, there are conserved sequence motifs located upstream from each variable exon of these clusters (Wu et al. 2001 ; Fig. 4 ; Supplemental Fig. S3 ). However, most of the other regulatory sequences appear to have been diversified. For example, the sequences flanking the highly conserved motifs are different among distinct variable exons. This diversification provides a genetic basis for cell-or tissue-specific gene expression in response to developmental programs or environmental stimuli. In a few cases, however, for example, Pcdh ␥b6 and ␥b7, the promoter sequences are highly conserved. These could be the result of either selection pressure for similar gene expression patterns or simply not enough time for diversification after duplication.
Interestingly, in all cases the transcriptional direction for variable exons is the same, that is, toward the constant region. Even in the cases of pseudogenes or relics, the remnant codons are always on the same strand. This may reflect an exon duplication mechanism that can only result in a parallel tandem array. In addition, this may also reflect that the parallel arrangement of variable exons and their promoters ensures that the functional mRNAs can be generated by cis-splicing mechanisms.
Several models have been proposed to explain the preservation of duplicated genes. The classic model for the evolution of duplicate genes posited that paralogous genes arise by acquiring new adaptive functions (Ohno 1970) . Recently, the duplicationdegeneration-complementation (DDC) model hypothesized that paralogous genes accomplish complementary subfunctions of the ancestral gene (Force et al. 1999) . The organization of Pcdh, UGT1, and IGnT is unusual in that only the first exon was duplicated. Nevertheless, this organization supports aspects of both models. The vast expansion of variable exons by arrayed arrangements in the UGT1 and Pcdh clusters may reflect purifying selec-tion for the enormous diversity required for detoxification or neuronal connectivity. On the other hand, the prototypical UGT1 or Pcdh genes may have been expressed ubiquitously and had much broader functions.
For variable exons that do not display sequence similarity, such as in the plectin, NOS1, and GR genes, we can only speculate about their evolutionary origin. One scenario is that their variable first exons are the result of exon duplication, with high selection pressure to quickly diversify after duplication for tissuespecific and development-dependent regulation. Another possibility is that tandem variable first exons are the result of fortuitous transcriptions. Initially, there may have been many transcription start sites for each of these genes. During evolution, these genes may have been under selection pressure for diverse tissue-specific promoter activation. Selective splicing that joins a cap-proximal 5Ј splice site to the 3Ј splice site of the first constant exon removes all the intervening sequences. Hence, specific promoter activation and cap-proximal cis-splicing may have evolved for these multiple regulatory strategies. This scenario, and the duplication of Pcdh and UGT1 variable exons, would be convergent evolution for tandem arrays of multiple first exons. Whatever the origin of tandem variable first exons, it is very likely that this organization provides a genetic mechanism for the diverse gene regulation required for complex mammalian development and adaptation.
Implication of the Variable and Constant Genomic Organization for Gene Regulatory Complexity
Many mammalian genes are expressed in a cell-or tissue-specific manner. This is especially prominent in the nervous system. The nervous system is extremely heterogeneous in that a large repertoire of different neuronal cell types makes specific connections, and these vast numbers of cell types are defined by specific gene expression. How is this specific expression achieved? The variable and constant genomic organization can afford the specific expression of diverse mRNAs that may translate into a variety of protein isoforms with distinct functions. In addition, a repertoire of distinct 5Ј sequences may influence posttranscriptional gene regulation such as mRNA processing, export, stability, and translation. For example, different 5Ј-UTR sequences of the NOS1 mRNAs have been implicated in the regulation of their translation (Wang et al. 1999) . A combination of differential promoter activation and alternative cis-splicing may provide a powerful means for regulating gene expression in response to a wide variety of intrinsic and extrinsic signals.
It is important to note that the organization of multiple variable first exons is very different from that of the single promoter with multiple transcription start sites. In the latter case, the multiple transcripts share common sequences at the 3Ј portion of the first exon and use the same 5Ј splice site to splice to the second exon. In the case of multiple variable first exons, different variable first exons do not share a common 5Ј splice site, and each variable first exon is likely preceded by a distinct promoter.
The variable and constant region genomic organization provides a framework for differential and complex patterns of gene expression. The flexibility to generate complex patterns of gene expression is possible because the promoters preceding each variable exon are distinct, although the promoters are clearly related in the case of the Pcdh clusters. Different strengths of 5Ј splice sites of variable exons may also contribute to the specific patterns of gene expression. This gene expression plasticity may play an important role in the molecular and cellular adaptation to environmental cues.
How Many Variable and Constant Genomic Organizations Exist in Mammalian Genomes?
Large-scale genomic sequencing has outpaced our ability to annotate sequences. To date, sequencing cDNA clones is still the most reliable method to identify genes. Although EST sequencing has provided valuable information about genome annotation, it usually does not provide enough information about the 5Ј-end of genes because most ESTs are derived from the 3Ј-end. Recently, the Institute of Physical and Chemical Research (Japan; RIKEN) has sequenced 60,770 full-length mouse cDNA clones (http:// fantom2.gsc.riken.go.jp/; Okazaki et al. 2002) . Even this large cDNA collection provides limited information about multiple variable exons.
It will be interesting to see how many genes containing a tandem array of variable exons exist in a single mammalian genome. Most of these genes are likely expressed in a tissue-or cell-specific manner. Furthermore, they may be expressed at very low levels. Therefore, it is extremely difficult to identify genes with a tandem variable exon array. In light of our identification of gene clusters containing a tandem array of variable exons, undoubtedly many other genes will be found to contain multiple variable first exons in the future.
METHODS
Identification of Gene Clusters That Have Variable and Constant Genomic Organization
To identify genes that have a genomic organization similar to the Pcdh clusters, we first collected all human, mouse, and rat transcripts from various sources, including MGC, Refseq, RIKEN, and GenBank. Next we identified the genomic regions spanning the transcripts by mapping them onto the public genomes (http:// genome.ucsc.edu/; human April 2003 freeze, mouse February 2003 freeze, and rat November 2002 freeze) using the BLAT program (Kent 2002) . A transcript was considered mapped to the genome if it shares >95% sequence identity with a genomic region over 95% of the transcript's length. If a transcript maps to multiple regions on the genome, the region it matches best is retained and all others are discarded.
Because EST sequences are a rich source of terminal exons, we also retrieved ESTs for each species from dbEST and mapped them onto the respective genomes. Because of their poor sequence quality and possible contamination, ESTs were first cleaned by removing vector sequences, low-complexity regions, and repeats. The parameters for mapping ESTs onto genomes were also relaxed to >95% sequence identity, with the genomic region over 90% length of the EST, while allowing up to 15 bp mismatches at the 5Ј-end.
Once all mRNAs and ESTs were mapped onto the genome, we determined the exon/intron structure by comparing a transcript sequence with its corresponding genomic region sequence using the Sim4 program (Florea et al. 1998) . We first put all transcripts whose second exons have the same coordinates into a group, that is, they have a common second exon. We then identified all the groups whose transcripts have more than one distinct (i.e., nonoverlapping) first exon. We filtered out members of immunoglobulin and T-cell receptor gene clusters. If the variable exons were located close to each other, we then searched for other novel variable exons in the same genomic region.
We annotated the UGT1 cluster by using the BLAST program (Altschul et al. 1997 ) and the GCG sequence analysis package. The UGT1 genomic sequences were downloaded from the UCSC database (http://genome.ucsc.edu/). The potential coding sequences were aligned by using the multiple sequence alignment program Pileup. The 5Ј splice sites were identified manually by inspecting the alignment and were confirmed by comparing the genomic sequences to the corresponding cDNA sequences. The putative translation start codon was determined by inspecting the translated signal peptide sequences.
